The paper presents investigations of self-pulsing discharges in atmospheric pressure air preheated to 300-1000 K. Despite using a direct-current power supply, two self-pulsing discharge regimes, a repetitive transient spark (TS) and a repetitive streamer (RS) were generated. The pulse repetition frequency, on the order of a few kHz, can be controlled by adjusting the generator voltage. The TS is a discharge initiated by a streamer, followed by a short (tens of ns) spark current pulse (∼ 1 A), associated with the total discharging of the internal capacity of the electric circuit. The TS is suitable for the study of 'memory' effects (pre-heating, preionization) on the mechanisms of streamer-to-spark transition and electrical breakdown in atmospheric pressure air. The TS regime was stable below ∼600 K. Above ∼600 K, a stable repetitive streamer (RS) regime was observed. In this regime, the breakdown and spark did not occur. After the initial streamer, the internal capacity of the electrical circuit discharged partially. With further pre-heating of the gas, the stable TS appeared again at ∼1000 K.
Introduction
Many applications of atmospheric pressure non-equilibrium 'cold' plasmas were studied during the last few decades [1] [2] [3] [4] . Cold plasmas can be generated by various electrical discharges [5] [6] [7] [8] , where the energy is selectively delivered to free electrons. The accelerated 'hot' electrons are able to initiate various chemical reactions, while the temperature of the gas does not change significantly.
Several techniques were developed to prevent transition of the reactive 'cold' plasma to the thermal plasma. Three of the most common ways are based on (1) covering at least one electrode by an insulator (e.g. dielectric barrier discharge [9] [10] [11] ), (2) using very short high voltage (HV) pulses [12] [13] [14] [15] [16] [17] , or (3) ballasting the direct-current (dc) discharge with a current-limiting resistor. We will only discuss the third approach, which is relevant to the discharges described in this paper.
The combination of a dc power supply and a large ballast resistor (R > 1 MΩ) is probably the simplest and most cost-efficient way to generate a non-thermal plasma at atmospheric pressure between two metallic electrodes. The transition to arc is avoided since the ballast resistor limits the discharge current to a few mA. Several types of discharges can be generated this way, depending on the gas composition, flow rate, value of R and electrode geometry [18] [19] [20] [21] [22] [23] . Beside a pulseless dc glow discharge (GD) [21, 22, 24] , often mistakenly considered as an arc, there are also pulsed discharges: the prevented spark introduced by [18, [25] [26] [27] and its more general case the transient spark (TS) [28] [29] [30] .
The transient spark is a filamentary discharge initiated by a streamer, followed by a short (∼ 10-100 ns) high current (∼ 1-10 A) pulse. Transition to a typical arc or a spark discharge is inhibited by the large external resistor R (5-10 MΩ), as well as by the small internal capacity C (10-40 pF) of the circuit. The process of periodical charging and discharging of C repeats with a characteristic frequency of a few kHz that can be controlled by changing the generator dc voltage.
Thanks to the short duration of the current pulse, the plasma generated by the TS has different properties than the plasma generated by an ordinary spark, with some ∼100 µs or ms long pulses. Like the spark, the TS pulses generate a highly reactive plasma with excited atomic radicals (O * , N * ), excited molecules * N 2 and ions * + N 2 , but the gas temperature T is much lower than the vibrational temperature T v of N 2 (C), confirming the non-equilibrium character of the TS as opposed to the spark. Furthermore, the power of the TS is also relatively low in comparison with an ordinary spark. The energy discharged in one TS pulse is around 0.1-1 mJ.
The TS total power input increases with repetition frequency f from about 0.1 to 2 W [19, 28] . The increase of f is also accompanied by a heating of the gas up to ∼550 K in the generated plasma channel [30] . For this reason, TS is not applicable where elevated temperatures can be harmful, e.g. for the treatment of heat sensitive solid materials, but is applicable for flue gas cleaning [19] or bio-decontamination [31] and has potential for stabilizing lean flames [32] . In the latter application, the treated gas itself can be hot and the additional heating of a small gas volume between the electrodes may not be significant.
The elevated temperature of the background gas can have a significant influence on the properties of the TS discharge. First, there is a decrease of the gas density N at elevated gas temperature. This leads to changes of discharge properties similar to those achievable by lowering the pressure at constant temperature. Second, the increase of temperature influences the rate coefficients of many chemical reactions. At higher temperature, we expect faster thermal detachment of electrons from negative ions and slower attachment and recombination reactions of electrons [33] [34] [35] .
However, decreasing the pressure or increasing the temperature are not equivalent, as shown in [36] . This can be demonstrated by showing the differences between a glow discharge at ambient temperature and low pressure and a glow discharge at atmospheric pressure and elevated temperature. At low pressures, the GD has a diffuse character and its positive column can be extended quite easily [6] . On the other hand, at atmospheric pressure and elevated temperature, the GD has a more filamentary structure and its scaling is more difficult. In [20] , multiple electrode configurations or thermionic cathodes and tubes with swirl gas flow had to be used to obtain larger plasma volumes.
Pai et al [37] showed that increasing the initial ambient gas temperature T i also has a significant influence on the characteristics of nanosecond repetitively pulsed (NRP) discharges. Three different regimes were observed, among them a 'spark' regime with visual and electrical characteristics similar to those of the TS. The effect of an elevated temperature on a similar NRP discharge was also observed by Yin and Adamovich [38] . The pre-heating substantially reduced discharge filamentation and allowed sustaining a stable, diffuse and uniform non-equilibrium plasma.
Changes of TS properties were also observed even when operating the discharge in a gas at initial temperature T i = 300 K [30] . With increasing TS repetition frequency f, the accompanying heating of the gas caused the current pulses to become smaller and broader. A decrease of the breakdown voltage and shortening of the streamer-to-spark transition time was also observed at higher f. However, from the study of TS at T i = 300 K, we cannot definitely conclude that these changes are solely caused by pre-heating, because we are not able to separate the influence of the pre-heating from other effects, such as the accumulation of metastable species, or the increase of the pre-ionization level. Thus, to resolve this problem, we studied TS in atmospheric pressure air externally pre-heated up to 1000 K. The results are presented in this paper.
Since the TS is a discharge operating on the streamer-tospark transition, this study is also interesting for the understanding of streamer breakdown in atmospheric pressure air. Electrical breakdown is a crucial issue for the generation of electrical discharges, as well as for the design of high voltage (HV) devices. The first studies of this phenomenon already appeared several decades ago [39] [40] [41] . However, because of the complexity of this problem, investigations of the breakdown mechanism, streamers and their propagation still continue [42] [43] [44] [45] [46] [47] [48] [49] [50] . The TS in pre-heated air thus enables us to study the role of the initial gas temperature and the influence of the repetition frequency on the streamer-to-spark transition and on electrical breakdown in atmospheric pressure air at voltages near the breakdown threshold.
In this paper we will present a study of the various discharge regimes observed in pre-heated air (300-1000 K), in the configuration used to generate the TS discharge. Section 2 describes the experimental setup and section 3 describes computational method used for kinetic modeling. Section 4 presents the results obtained and a discussion of the observed discharge regimes. The possible role of a 'memory' effect on the electrical breakdown is also discussed.
Experimental setup
The experimental set-up is depicted in figure 1 . All experiments were carried out in atmospheric pressure air preheated to 300-1000 K with a controlled resistive heater. The velocity of the air flow was about 2 m.s −1 , parallel to the inter-electrode axis. The distance between the steel electrodes (point-to-point configuration with anode at the top) was 5 mm. The electrodes were made of a 2 mm diameter rod. The anode tip was sharpened whereas the cathode was blunt. The radius of curvature of the anode tip was of the order of 100 µm. We re-sharpened the anode tip manually as needed whenever it became worn. The radius of curvature of the cathode was of the order of a millimeter. The larger radius of the cathode had to mimic the point-to-plane configuration of electrodes used in our previous research of TS [29, 30] , since it was not possible to use the point-to-plane geometry in this setup with preheated airflow.
A high voltage (HV) positive polarity dc power supply HCL 14-20 000 placed in series with a resistor (R = 10 MΩ) was used to generate the discharge. An additional small resistor r = 1 kΩ was inserted between the anode and the cable connected to the resistor R (see figure 1) . The role of r was to eliminate the oscillations of electric signals caused by the internal inductances of the HV cable and of the grounding wire. The discharge voltage was measured by a HV probe LeCroy PMK-14kVAC and the discharge current was measured on a 50 Ω or 1 Ω resistor shunt. Voltage and current signals were recorded by a 350 MHz digitizing oscilloscope LeCroy Waverunner 434 (maximum 2 GS.s −1 ). Time-resolved emission UV-visible spectra were obtained using a spectrometer (Acton SpectraPro 2500i) fitted with an intensified charge-coupled device (iCCD) camera (Princeton Instruments PI-MAX). The iCCD camera was triggered by a TTL generator. This generator was triggered directly by the current signal, causing a delay of less than 10 ns. This delay, in addition to the delay caused by the coaxial cables, was partially compensated by using a 2 m long optical fiber. However, an additional delay was introduced by the iCCD camera itself, so we were not able to measure spectra during the first 70 ns following the rising edge of the synchronizing current pulse.
We used the spectra of the N 2 (C 3 Π u -B 3 Π g ) 2 nd positive system to determine the gas temperature T, since it can be well approximated by the rotational temperature of excited N 2 (C 3 Π u ) species in the atmospheric air pulsed discharges [51] . This rotational temperature was inferred from the spectra using SPECAIR [52] . The iCCD camera was synchronized with the beginning of the streamer pulse-by the current signal measured on 50 Ω shunt. The collection of light was made by a pair of parabolic mirrors focused on a small area (50 µm in diameter) below the tip of the anode.
Kinetic model
Modeling of chemical kinetics is an effective tool for the description of complex systems [53, 54] . Chemical kinetics can be used to determine the density evolution of species, which are not measurable via available analytic and experimental techniques. In order to develop a valid plasma kinetic model, it is necessary to generate a set of differential equations of the 1st order describing the density evolutions (N i ) of all important species generated in the plasma:
Here, S ij is a production term for species X i via a specific reaction j. The rate coefficients of reactions in the plasma must be described by at least two different temperatures. The temperature of electrons characterizes the rates of electron impact reactions, whereas the temperature of neutral species defines the rate coefficients of all other reactions. The temperature of electrons can be calculated as a function of gas composition and reduced electric field strength (E/N) by solving the Boltzmann equation. We based our model on existing ZDPlasKin libraries [55] . ZDPlasKin includes a DVODE solver for the numerical solution of a system of ordinary differential equations. The authors of ZDPlasKin also provide a ready-to-use list of plasmachemical processes in nitrogen-oxygen mixtures, also used in [56] . It is based mainly on Capitelli et al [35] . The ZDplasKin package also includes a Bolsig + package to solve the Boltzmann equation. The required electron scattering cross sections were taken from [57, 58] . We added a module compatible with ZDPlasKin to describe the evolutions of E/N, T and total density of neutrals N corresponding to the conditions of our discharges.
Results and discussion
A pulse-less DC glow discharge (GD) might be considered as the natural type of discharge achievable in our setup, since we are using a DC power supply. However, the GD is sustained due to energy released by an electric current and the specific energy deposition must exceed a critical value [24] . As a result, there exists a threshold current I min GD for an establishment of a stable GD. Thus, when the generator voltage V g applied to the stressed electrode is progressively increased, we first observe a streamer corona. Further increase of V g leads to the onset of self-pulsing discharges. We observed two types of self-pulsing discharges under the studied conditions, the transient spark (TS) mentioned in introduction and the repetitive streamer (RS) discharge that occurs at higher T i and will be described in section 4.2.
The increase of V g is accompanied by an increase of the mean current I mean of these self-pulsing discharges. The GD can be obtained only when I mean exceeds a certain minimum value I ( ) min GD . In practice, the stability of the GD depends on more parameters. Instability of the GD and appearance of other discharge regimes, such as transient spark or ultracorona can be also achieved by an increased gas flow [23] .
We are focusing on the self-pulsing discharges in this paper, but we stress out that the GD regime is also important, since I min GD imposes an upper limit of existence these self-pulsing discharges. Figure 2 shows a simplified 'map' of the discharge regimes observed in our setup as a function of the mean discharge current and the initial gas temperature T i . The boundaries between these discharges are not very distinct. There are regions where two or three unstable discharge regimes co-exist. For example, when the RS repetition frequency exceeded ∼6 kHz, irregular TS current pulses were observed above ∼750 K mixed with the RS discharge pulses. The stable TS was observed only below 600 K and then again at 1000 K. Both self-pulsing discharges (TS and RS) will be discussed in the next sections.
Transient spark for T i below 600 K
Transient spark (TS) is a discharge of a repetitive streamerto-spark transition type. TS is initiated by a streamer creating a relatively conductive plasma bridge between the electrodes. This streamer appears when the potential on the stressed electrode reaches voltage V TS , characteristic of the TS. After a certain delay (streamer-to-spark transition time τ), the streamer phase is followed by a spark phase. During this phase (time 1.1 µs in figure 3 ), the voltage V on the HV electrode drops to almost zero (figure 3) and the current reaches a high value (∼ 1-10 A). After the internal capacity C of the circuit is completely discharged (i.e. after the end of the transient spark current pulse), the potential V on the stressed electrode gradually increases as the plasma conductivity decreases and C recharges. A new TS pulse, initiated by a new streamer, occurs when V reaches again the breakdown voltage V TS . The TS is thus based on repetitive charging and discharging of C. The repetition frequency f of this process can be controlled by the generator voltage V g [29] :
The increase of V g leads to an increase of f (figure 4), but also to an increase of I mean (figure 5). When I mean approaches I min GD , the transition to GD occurs. At T i = 300 K, ≈ I 2 min GD mA. A stable TS regime is typically observed only if I mean ≲ 1.5 mA. If I mean is approximately between 1.5-2 mA, an unstable regime with alternating GD and TS discharges appears [29] .
A similar behavior of TS, i.e. the increase of I mean and f with increasing V g , was also observed at T i = 400 K and 500 K. However, the highest TS frequency was in these cases limited by the I min GD that decreases with increasing T i below 600 K (figure 2). The transition to (unstable) GD thus occurred at lower I mean and f. At T i = 600 K, no stable TS discharge was observed at all. The I min GD increases at higher initial temperatures, but a stable TS regime was observed again at T i = 1000 K. This 'high temperature TS regime' is discussed in subsection 4.3.
Above T i = 600 K, the repetitive streamer (RS) discharge discussed in section 4.2 was observed. In the RS, streamers are followed by only partial discharging of C and partial voltage drop. This is its major difference compared to the TS discharge, where streamers initiate breakdown and spark formation. The breakdown mechanism in the TS at T i < 600 K is discussed in the next subsection.
Breakdown mechanism in the transient spark.
The discharge current after the streamer decreases ( figure 3 ) and the plasma is in the decay phase with the electron density decreasing. Several mechanisms can revert the decrease of the current after the streamer and initiate the breakdown: chemical or stepwise ionization [43, 47, 59] , gas density decrease due to heating and hydrodynamic expansion of the plasma channel [60] [61] [62] , channel contraction [59, 63] , or attachment control processes [64] [65] [66] .
In the TS, several processes may influence the breakdown mechanism and their relative roles can change with f. The breakdown is influenced by a 'memory' effect at higher frequencies due to pre-heating and accumulation of various species created by previous TS pulses. The breakdown voltage V TS decreases (figure 6) due to the pre-heating of the gas between the electrodes (from 300 K up to ∼550 K at ∼10 kHz). The average streamer-to-spark transition time τ shortens significantly with increasing f from a few µs down to ∼100 ns [30] . At f ≈ 6 kHz, there was almost no time delay between the streamer and the spark phases. We even observed almost direct transition from streamer to spark without a decrease of the current in between (figure 7). In generally, the current decrease slows down with increasing f.
We used kinetic modeling to explain this phenomenon, by calculating the evolution of the electron density after the streamer at different temperatures. The temperature was kept constant during each simulation. The time evolution of E/N was modeled by a function
where σ = 2 ns and t s = 30 ns, and the E/N bg is the reduced field established in the plasma after the streamer, assuming uniform axial distribution of the E/N. The streamer is simulated by the Gauss function (second term in (3)) with the center of the peak in time t s . The total calculation time was 800 ns. The coefficient α was adjusted to achieve n e = 10 14 cm −3 right after the streamer to be in agreement with experimental findings [67] . The initial density of electrons was chosen as 3 × 10 8 cm −3 . The density of all other species except N 2 and O 2 was set to zero.
The assumption of the uniform axial distribution of the E/N is just an approximation. The distribution of the attachment rate along the plasma filament produced by the primary streamer leads to the increase in the reduced electric field E/N near the anode [64] [65] [66] . A decrease in gas density leads to the extension of this region which finally reaches the cathode, as was shown in the model of Bastien and Marode [65] . The propagation of this region with increased E/N was named the secondary streamer [68] .
We estimated the average E/N in the plasma channel right after its establishment by a streamer to be ∼60-70 Td (figure 8), with no significant dependence on f and T i (except for the TS regime at T i = 1000 K discussed in section 4.3). Typically, the E/N in the secondary streamer can be elevated to ∼80 Td [66] . However, variation of E/N bg in the range 60-80 Td had no significant influence on the evolution of n e in our simulations. Even at 80 Td, the field is still not strong enough for direct electron-impact ionization processes to dominate. We therefore present here the results for E/N bg = 70 Td only (figure 9). Figure 9 shows that the decrease of the electron density slows down with the increasing temperature. The analysis of these calculations showed that the increase of temperature and decrease of N do not have very strong influence on the rate of electron production. Here is the list of the most important reactions:
(5)
More significant is the influence of increasing T on the electron loss processes. The most important reactions causing the decrease of the electron density at 300 K are:
(8)
(9) Mainly reactions (8) and (9) depend strongly on T g . At 600 K, the recombination of electrons with + O 4 ions is already very weak. At 1000 K, the three-body attachment (equation (8)) slows down due to the decrease of N and reaction (7) dominates completely. Altogether, the decrease of n e after the streamer slows down with increasing T. This can partially explain slower decrease of current after the streamer at higher f, where the gas inside the discharge channel is pre-heated up to ∼550 K.
We assume that other 'memory' effect, related to the accumulation of various species from previous TS pulses, can also significantly decrease rate of current and n e decrease after the streamer at higher f. Based on the list of the most important processes we assume that atomic oxygen O could play the most important role. The accumulation of O species was also experimentally observed in NRP discharge at 10 kHz [69] . The atomic oxygen species are produced from molecular oxygen O 2 . Thus, the accumulation of O would not only accelerate electron detachment from negative ions (reaction (5)), it would also be accompanied by a decrease of the density of O 2 , i.e. it would decrease the rate of electron attachment processes. We were able to simulate this also by increasing the initial density of O species and decreasing the O 2 density in the kinetic model. However, this cannot be considered yet as evidence. We must measure O species experimentally to prove this hypothesis.
Altogether, these calculations show that the increase of the temperature accompanied by the suppression of electron loss processes does lead to the slower decrease of n e after the streamer. On the other hand, increase of n e and current, leading to the spark requires another explanation. We suppose that it is also necessary to accelerate the ionization processes by the increase of E/N. In the TS, the increase of E/N after the streamer can be achieved only by the decrease of N due to gas heating.
In the TS at T i = 300 K, the temperature increases up to ∼1000 K during the streamer-to-spark transition phase [30] within a few hundreds nanoseconds. The heating is so fast that the flux of neutrals away from the heated discharge channel is probably not sufficient to keep pressure at atmospheric level, as it is shown in simulation of Naidis [70] . We therefore assume that the breakdown mechanism in the TS is mainly based on the gas density decrease suggested by Marode [60] , i.e. heating of the channel via Joule heating and the two-step heating mechanism investigated by Rusterholtz et al [51] → increase of the pressure → hydrodynamic expansion → decrease of N in the core of the channel → increase of E/N → acceleration of ionization processes.
At the TS frequencies below ∼3 kHz, a constriction of the discharge channel consistent with the simulations of Naidis [70] was observed [30] , supporting this assumption. However, it was shown that increase of n e and breakdown in contracting discharges is possible even at relatively weak fields thanks to the stepwise ionization processes [59] . There is even a positive feedback for the production of excited species in the contracting discharges [59] . In special cases, e.g. in negative corona in N 2 , the breakdown without initiating streamer is possible resulting from the contraction of the discharge channel [63] .
The secondary streamer was also observed in the evolution of the TS discharge [71] . Its role in the breakdown mechanism in TS has to be yet elucidated. The secondary streamer might play a significant role in fast heating in the TS during the streamer-to-spark transition phase. Even if electrons in the secondary streamer have not enough energy to ionize at E/N = 80 Td, they are able to generate excited N 2 crucial for the two-step fast heating mechanism investigated by Rusterholtz et al [51] . Moreover, excited N 2 species can be important for the stepwise ionization processes, too [59] . Further research of the TS breakdown mechanism is needed to resolve these questions.
Repetitive streamer (RS) discharge
Both the TS and RS discharge regimes are initiated by a streamer. However, discharge development after the initializing streamer differs significantly in these two regimes. Unlike in TS, there is no spark and no gas heating inside the plasma channel after the streamer in the RS (figure 10). The discharging of C in RS is only partial and the voltage drops to a certain non-zero value V min (figure 11). After discharging, the potential at the HV electrode increases again as C recharges, until it reaches the value V RS necessary for a new streamer resulting in another partial discharging of C.
From this electrical point of view, the RS discharge is similar to TS. The RS repetition frequency is also on the order of several kHz and can be controlled by the generator voltage V g ( figure 4 ). This frequency can be approximately calculated using equation (2), corrected for V min , with V TS replaced by V RS :
The shape of the RS current pulse (figure 12) can be approximated by a sum of two currents, the current from the partial discharging of C (I C ) and a streamer current I streamer : Figure 10 . Time evolution of the gas temperature after the beginning of the streamer, TS at T i = 300 K, I mean = 0.9 mA, f ≈ 4 kHz and the RS at T i = 1000 K, I mean = 0.75 mA, f ≈ 11 kHz.
The relative contribution of these two currents changes with the f and T i . Since V min (figure 13) decreases and discharging time shortens (figure 14) with increasing f and T i , the slope of the voltage decay and I C are larger at high f and T i . However, I max of the RS ( figure 15 ) is always much lower than I max of the TS. The I max of the RS is comparable with the peak current during the streamer phase of the TS (see figure 7) .
Explanation of the RS discharge establishment.
In the TS, local heating of the gas inside the thin plasma channel created by the streamer leads to its hydrodynamic expansion, decrease of N in the core of the plasma channel and breakdown. On the other hand, in the RS, the entire gas volume is preheated, N is lower already at the beginning of the streamer and the discharge has a slightly more diffuse character. The volume density of the deposited energy per unit time after streamers is thus probably lower in the RS than in the TS discharge. Moreover, the radial energy flux away from the plasma channel should be higher in the RS due to lower N. This might be the reason why no increase of T after the RS streamer was observed (figure 10), while in the TS at T i = 300 K we observed an increase of T after the streamer consistent with our previous observations [30] . The lack of fast heating after the streamer is the key factor why streamers do not initiate breakdown and the RS discharge regime is established.
The gas temperature evolution after the streamer was derived from the time resolved spectra of N 2 2 nd positive system. Due to the short life time of N 2 (C 3 Π u ), we were not able to follow the evolution of T for more than ∼200 ns after the beginning of the streamer. We thus cannot exclude that gas heating continues later due to vibrational-translational (V-T) transfer. However, even if T increases up to ∼1000 K a few µs later, no breakdown would happen because V (and E) would have decreased too much by that time. The V min is also reached in µs time scale, as shown in figure 14 . No fast gas heating in the plasma channel and a significant decrease of V after the streamer thus make the breakdown mechanism based on the hydrodynamic expansion impossible. This is supported by acoustic observation: in the RS, unlike in the TS, there was no hydrodynamic expansion noise audible in the RS discharge.
The relatively long continual decrease of V after the streamer in the RS can be explained by using our kinetic modeling. The decrease of n e is slower at higher T ( figure 9 ). This means that the conductivity of the plasma channel created by the streamer stays relatively high for a longer period. This enables a longer partial discharging of C and so the decrease of V after the streamer. This effect is also observable in the TS at T i = 300 K and higher f ( figure 3 ), where the gas inside the plasma channel is preheated to almost 600 K. However, unlike in the RS, the TS discharge channel at T i = 300 K at higher f is very localized. The discharge repeatedly takes the same preheated thin gas channel, where accumulation of various species occurs. With increasing f, the rate of heating in the TS at T i = 300 K does not slow down due to preheating and decrease of N inside the plasma channel. On the contrary, the memory effect accelerates the gas heating after the streamer and the breakdown occurs within ∼100 ns, before V drops too much. We assume that the memory effect influences also the RS above ∼6 kHz. The V min and discharging time in figures 13 and 14 are functions of both T i and f only up to ∼6 kHz. At higher frequencies, they only depend on f. The role of the memory effect could also play a certain role in the re-appearance of the breakdown and the TS regime at high f. It will be discussed in the next section. TS naturally occurred until T i = 600 K and periods of unstable TS regime were re-observed at T i = 800-900 K at high RS repetition frequencies. Stable TS discharge appeared again only at T i = 1000 K. However, the TS pulses at T i = 1000 K differ from those at T i = 300 K ( figure 7 ). There is no streamer-tospark transition phase at T i = 1000 K. The spark appears to occur immediately after the streamer.
The analysis of voltage waveforms acquired at long time scale (figure 16) showed that there must be a different mechanism. After several RS pulses, no streamer appears when V on the needle electrode reaches V RS . The streamer appears only after a longer period, when V reaches a higher value. After this streamer that develops at higher V, the estimated average E/N is also higher, probably above 110 Td (figure 8). This high E/N together with significantly suppressed attachment frequency at 1000 K can explain the immediate onset of the spark current after the streamer.
We cannot explain the disappearance of streamers at V RS at a certain RS repetition frequency yet. However, the lowest f of stable TS was ∼4 kHz (the frequency of the RS regime that could also be occasionally observed at the same V g was above 6 kHz). We therefore suggest that it could also be related to a memory effect-pre-ionization. At 1000 K, the decrease of electron density is very slow (see figure 9 ). This could lead to the accumulation of a significant amount of charged species from previous RS pulses and the appearance of a space charge field. The increase of V at which streamers form indicates that conditions suitable for their formation are reached only when the external electric field becomes strong enough to overcome the influence of this space charge field.
Conclusions
The aim of our study was to investigate the behavior of selfpulsing discharges in atmospheric pressure air pre-heated to 300-1000 K. We generated two self-pulsing discharges, with relatively regular and controllable repetition frequency (on the order of kHz), named transient spark (TS) and repetitive streamer (RS).
The TS is a repetitive discharge of the streamer-to-spark transition type, initiated by a streamer, with the spark pulse duration and amplitude limited by the small amount of energy stored in the internal capacity of the circuit. A similar type of plasma, even at higher pulse repetition frequencies, can be generated using pulsed high voltage power supplies. The advantage of our approach is a simpler and cheaper electric setup using a DC high voltage power supply. This basic research study of the TS in pre-heated air is important for its better understanding and further optimization for various applications, such as plasma assisted combustion.
We obtained stable TS only for initial air temperatures below 600 K and then again at 1000 K. The influence of pre-heating led to the establishment of another self-pulsing discharge regime named the repetitive streamer at initial gas temperatures above 600 K. In the RS, the breakdown to spark is suppressed and only a partial discharging of C after the initializing streamer occurs. With the TS we can deliver more power to the gas than with the RS regime. Thus, the re-establishment of the stable TS regime at ∼1000 K is important for the application on lean flame stabilization.
The relatively high frequency of the TS current pulses also enabled us to study a 'memory' effect on the streamer-to-spark transition process and the breakdown mechanism. Decrease of N due to pre-heating and the accumulation of atomic oxygen could significantly suppress electron attachment frequency and thus explain no decrease of current after the streamer at frequencies above ∼6 kHz in TS at the initial temperature T i = 300 K. The memory effect influences the RS discharge as well. Several RS discharge parameters are functions of both the temperature and the frequency up to ∼6 kHz. At higher frequencies, they depend only on the RS repetition frequency. Further research on the memory effect in self pulsing discharges is required to explain these findings in more detail. This should include improved chemical kinetic modeling and laser absorption and fluorescence diagnostic techniques focused on non-radiative species. The improved kinetic model must simulate the repetitive character of the studied discharges with the relaxation phase between current pulses. The diffusion processes should be also included at least during the relaxation phase.
